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ABSTRACT 



Experimental and theoretical research results on plasma and its sources 
are presented. This work involves characterization of the basic physical 

processes taking place with a hollow cathode within a vacuum chamber. 
The purpose of this experiment is to determine the minimum operating 

power and stable conditions of a standard, commercial hollow cathode 

plasma source. The results of this experiment will be compared with the 

results produced by other plasma laboratories. 



in 



L /j 6/ 3 

? / & 7 

TABLE OF CONTENTS 



I. INTRODUCTION 1 

II. THEORIES AND CHARACTERISTICS OF VARIOUS 

CATHODES 3 

A. HOLLOW CATHODE 3 

1. HOLLOW CATHODE WITH HEATER 3 

a. CONSTRUCTION 3 

b. OPERATING CHARACTERISTICS 6 

2. HOLLOW CATHODE WITHOUT HEATER 10 

a. CONSTRUCTION 10 

b. OPERATING CHARACTERISTICS 10 

3. HOLLOW CATHODE LAMP 12 

a. CONSTRUCTION 12 

b. OPERATING PRINCIPLE AND 

CHARACTERISTICS 15 

4. RELATIVISTIC ELECTRON BEAM SOURCE 17 

a. CONSTRUCTION 17 

b. OPERATING PRINCIPLE AND 

CHARACTERISTICS 18 

B. HOLLOW CATHODE THEORY 19 

C. LANGMUIR PROBE 21 



D. THE DEFINITION OF IGNITED DISCHARGE MODE • • • • 23 



IV 



III. APPARATUS 25 

A. DISCHARGE CHAMBER 25 

B. ELECTRICAL CIRCUIT 27 

C. MEASURING EQUIPMENT 27 

D. VACUUM SYSTEM 28 

IV. OPERATING PROCEDURE 29 

V. EXPERIMENTAL RESULTS 32 

A. POSITIVE ANODE POTENTIAL RELATIVE TO 

KEEPER 32 

B. NEGATIVE ANODE POTENTIAL RELATIVE TO 

KEEPER 35 

C. ANODE GEOMETRY DEPENDENCE 37 

D. CATHODE TO KEEPER DISTANCE DEPENDENCE WITH 

MESH COLLECTOR 39 

E. HEATER DEPENDENCE 42 

F. ELECTRON TEMPERATURE AND DENSITY 43 

G. OTHER RESULTS 46 

VI. FURTHER WORK 48 

VII. CONCLUSIONS 50 

REFERENCES 52 

INITIAL DISTRIBUTION LIST 54 



v 



LIST OF FIGURES 



Fig. 2.1 Hollow cathode configurations 3 

Fig. 2.2 Orifice configurations 5 

Fig. 2.3 Internal electrode configuration 5 

Fig. 2.4 Discharge initiation data for cathode with tubular 

insert 6 

Fig. 2.5 Discharge initiation data for cathode with rolled foil 

insert 7 

Fig. 2.6 Discharge initiation characteristics of curved orifice 

cathode 8 

Fig. 2.7 Comparison of discharge behavior with different 

orifices 9 

Fig. 2.8 Internal electrode discharge initiation characteristics 10 

Fig. 2.9 Heaterless hollow cathode configurations 10 

Fig. 2.10 Voltage — current characteristic of Spectra — Mat 

cathode 12 

Fig. 2.11 Construction of hollow cathode lamp 13 

Fig. 2.12 Starting potential as a function of pd s in several 

gases 15 

Fig. 2.13 Schematic of ionization process 16 

Fig. 2.14 Current - voltage curve 17 

Fig. 2.15 Simple foilless electron beam source with applied 

magnetic field 18 



vi 



Fig. 2.16 Typical orificed, hollow cathode 20 

Fig. 2.17 Schematic of ion production region 20 

Fig. 2.18 Current — voltage characteristics of a Langmuir 

probe 22 

Fig. 2.19 i e vs. probe potential curve 23 

Fig. 2.20 Characteristic of ignited mode 24 

Fig. 3.1 General experimental apparatus 25 

Fig. 3.2 Inside the vacuum chamber 26 

Fig. 3.3 Electrical circuit 27 

Fig. 3.4 Varian vacuum system 28 

Fig. 4.1 Aging effect of cross section of a orifice 30 

Fig. 4.2 plasma potential distribution inside the chamber 30 

Fig. 5.1 Geometry of experimental arrangement 32 

Fig. 5.2 Discharge voltage vs. flow rate 33 

Fig. 5.3 Discharge voltage vs. anode accelerating potential 33 

Fig. 5.4 Level off potentials 34 

Fig. 5.5 Bias configuration 36 

Fig. 5.6 Discharge voltage vs. anode to cathode potential 36 

Fig. 5.7 Anode current vs. potential 37 

Fig. 5.8 Mesh shield anode and vacuum chamber geometry 37 

Fig. 5.9 Discharge voltage vs. anode potential 38 

Fig. 5.10 Anode current vs. anode potential 39 

Fig. 5.11 Discharge voltage vs. anode potential for Ik = 2.0 A --40 

Fig. 5.12 Discharge voltage vs. anode potential for Ik = 1.0 A --41 

Fig. 5.13 Discharge voltage vs. anode potential for flow rate 

2.00 seem 42 

vii 



Fig. 5.14 Probe current vs. potential for normal and ignited 

discharge mode 43 

Fig. 5.15 ln(i e ) vs. probe potential for normal discharge mode •••44 

Fig. 5.16 ln(i e ) vs. probe potential for ignited discharge mode • • • 44 

Fig. 5.17 Summary of electron temperature - 45 

Fig. 5.18 Summary of plasma density 45 

Fig. 5.19 Chamber pressure variation with respect to discharge 

states 46 

Fig. 5.20 Field — enhanced thermionic emission current 47 

Fig. 6.1 Split mesh anode and bias configuration 49 



viii 



LIST OF TABLES 



Table 2.1 Specifications of Spectra — Mat cathode 11 

Table 2.2 Pt cathode lamp specifications 14 

Table 2.3 Minimum sparking potentials 15 



IX 



TABLE OF SYMBOLS 



cathode orifice diameter or cathode to keeper distance 
electron charge (1.6*10' 19 C) 
electric field 
ionization potential 

electron current to probe in the absence of a retarding field 

anode current 

electron current 

heater current 

ion current 

ion saturation current 
keeper current 
Langmuir probe current 
electron current density 
ion current density 
total current density 
Boltzmann constant 
insert emission length 
ion mass 
plasma density 
density of atom 
ion density 



p 

q 

T 

T e 

T s 

Vac 

V ak 

^Bohm 

V c 

V f 



Vi 



Vkc 



Vi 



Vs 

V SP 



e 0 



A D 

<7 

<Ps 
<t> w 



gas pressure 
heat loss rate 
temperature 
electron temperature 
insert emission temperature 
anode to cathode voltage 
anode to keeper voltage 
Bohm velocity 

potential drop across the plasma sheath 

floating potential 

ionization potential 

discharge voltage 

potential of Langmuir probe 

sparking potential 

space potential (probe same potential as plasma) 

emissivity (0.5 for tantalum) 

permittivity of free space (8.854xlO' 12 F/m) 

Debye length 

Stefan— Boltzmann constant (5.67xl0" 8 W/m 2 °K 4 ) 
work function 

average effective work function 
average surface work function 
charged vacuum chamber wall potential 
average work function 



xi 



I. INTRODUCTION 



Hollow cathode plasma sources are an essential component in ion thrusters, 
electrothermal launchers, spacecraft neutralizers, heavy particle accelerators and 
similar devices. A great deal of effort has gone into the development of plasma 
sources of all kinds in this century and an extensive collection of literature is 
available on all aspects of plasma source research. Most of this work was done with 
a view toward high energy accelerators, where typical ion beams have energies of 
many kilovolts when extracted from the source. 

The work presented here is a continuation of studies of the characteristics of a 
weakly ionized low energy (the order of eV) plasma and its sources. The purpose of 
this investigation was originally to optimize an argon plasma source with respect to 
the minimum required operating power and gas flow rate. In the course of the 
investigation it was discovered that the determination of the characteristics of the 
plasma and those of the cathode were complicated because some variables such as 
electron temperature, plasma density, and the properties of the hollow cathode 
interior were hard to determine accurately. Therefore, some of these variables are 
quoted from other material that was published by other plasma investigations. 
[Ref. 1] 

The literature survey which follows was designed to consider the broad 
spectrum of hollow cathode discharge devices. This include designs for ion engines, 
as well as UV sources. The laboratory investigation was then directed toward a 
study of the external effects, how the characteristics of the plasma and its source 
varied with gas flow rate, electric field, the separation distance from the cathode tip 
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to keeper, types of cathode, etc.. To prevent the problems associated with opening 
the vacuum chamber, a cathode mount was designed for variable cathode — anode 
separation using a motor drive. 

The designed cathode and Langmuir probe device achieved operational status 
late in the period alloted for research and only a cursory look at the variable 

t 

cathode tip to keeper distance effects was achieved. 
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II. THEORIES AND CHARACTERISTICS OF VARIOUS CATHODES 

Here the basic principles of ionization, gas discharge, Langmuir probe theories 
and the broad survey results of hollow cathodes will be discussed. 

A. HOLLOW CATHODE 

1. HOLLOW CATHODE WITH HEATER 
a. CONSTRUCTION 

Most of the electron bombardment plasma sources employ a hollow 
cathode. Variety of cathodes have generally similar shapes as shown in Figure 2.1. 
[Ref. 11] 
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Figure 2.1 hollow cathode configurations [Ref. 11] 
General constructions are as follows: 
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(1) Cathode body and tip 

The body and tip consist of tantalum tube into one end of 
which is welded a 1 mm thick tungsten disc containing an orifice. On occasion, the 
tube and tip were made of molybdenum to simplify the fabrication of special orifice 
shapes. The outside diameter of the tube is generally 3.2 mm (1/8") or 7 mm 
(1/4") with a wall thickness from 0.2 mm to 0.5 mm. 

(2) Cathode heater 

Surrounding the tube at its orifice side end is a spiral heater 
wire encapsulated in a ceramic material. The wire is generally 0.2 mm diameter 
pure tungsten, but tungsten/3 % rhenium is sometimes used. 

(3) Barium source 

Most hollow cathodes contain a source made of a low work 
function material, such as barium, ostensibly to improve their thermionic emission 
capabilities. There are essentially four methodes of applying the barium to the 
source. 



(a) coating the inner wall of the cathode body. 

(b) coating a thin strip of tantalum foil which is then rolled 
into a spiral on a mandrel before being inserted into the cathode body. 

(c) coating the inner or outer surface of a cylindrical metal 



insert. 



(d) the impregnation of a porous metal insert. It was also 
reported that the operation of cathode without low work function material was 
possible. [Ref. 11] 

(4) Orifice plate and orifice 

The orifice diameters are a few tenths to one millimeter and 
the purpose of the orifice plate is to improve the ionization probability by 
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increasing the number density of the propellant gas inside the cathode. There are 
two typical orifice configurations. One is a straight cylindrical hole and the other is 
curved one as shown in Figure 2.2. It was found that the discharge characteristic of 
the curved orifice was better than the characteristic for a cylindrical orifice in same 
condition. 
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b.Curved orifice 



Figure 2.2 Orifice configurations 

(5) Auxiliary electrode 

The early stages of hollow cathode studies included the use of 
internal auxiliary electrode as shown in Figure 2.3. The tip of an internal electrode 
was usually positioned about 2 mm from the internal face of orifice plate. This 
electrode supported the initiation of discharge. Such electrodes are rarely used for 
discharge initiation now, but can be used as a Langmuir probe to investigate 
processes inside the cathode. 




Figure 2.3 Internal electrode configuration [Ref. 11] 
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b. OPERATING CHARACTERISTICS 



One of the most critical characteristics of hollow cathodes are their 
starting behavior. The variables related to starting behavior are complex, but here 
the effects of gas flow rate, heater temperature and cathode to keeper potential will 
be considered. Two of the four designs illustrated above (Fig. 2.1) are each 
considered here. 

(1) Cathode with tubular insert 

The inner surface of the cylindrical metal insert is coated 
with a controlled quantity of carbonates. For an orifice diameter of 0.3 mm and a 
flow rate 4.03 seem, discharge initiation was possible from 1000°C to 1350°C. 
Voltages were well below 50 V, with values as low as 15 V being recorded. The full 
results are shown in Figure 2.4. To be completely sure of obtaining a discharge, it 
was necessary to apply 350 V, at 1150°Cj 150 V at 1200°C and 40 V at 1300°C . 
For higher flow rates, the starting voltages were lowered, but the sensitivity to flow 
rate was not so great as the sensitivity to temperature. The lowest operating 
temperature for a flow rate of 4.03 seem was about 900°C. [Ref. 11] 




Figure 2.4 Discharge initiation data for cathode with tubular insert [Ref. 11] 
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(2) Rolled foil insert 

In this case, the insert is fabricated by coating a thin strip of 
tantalum foil which is then rolled into a spiral on a mandrel before being inserted 
into the cathode body. This is more susceptible to vibration damage than the 
tubular insert. It was found that discharge initiation occurred at much lower 
temperatures with this cathode than the tubular insert, but that the general 
behavior was qualitatively similar. For a flow rate of 4.03 seem, starting was 
possible at below 800°C. Full results for flow rate 3.36 seem are shown in Figure 
2.5. [Ref. 11] 




Figure 2.5 Discharge initiation data for cathode with rolled foil insert [Ref. 11] 



(3) Curved orifice cathode 

Modifying the orifice plate by using a curved orifice resulted 
in extremely good starting characteristics. Qualitatively, the behavior was similar 
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to that observed before, but values for the starting voltage were lower. This might 
be due to better penetration of the electric field through the orifice, or better 
gas/ion transport through the orifice. Such ease of starting had not been observed 
before. However, the plume to spot mode transition was unstable. Full results for 
two flow rates are shown in Figure 2.6. [Ref. 11] 

(4) Non-bariated cathode 

It is possible to operate a hollow cathode containing no low 
work function material, with some changes in performance. This cathode required 
very much higher tip temperature for normal operation, usually 200°C higher than 
with a bariated cathode. A flow rate of 16.8 seem had to be adopted as standard to 
enable the non— bariated cathode to be started at temperatures within the capability 
of its heater. [Refill] 




Figure 2.6 Discharge initiation characteristics of curved orifice cathode 
[Ref. 1 1] 
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(5) Effect of orifice diameter 

For the orifice diameter 0.15 mm and 0.3 mm and flow rates 
16.8 seem to 20.2 seem, the starting characteristics are shown in Figure 2.7. These 
indicate that a change in diameter produced less effect than any other variables. 

(6) Auxiliary electrode 

An auxiliary electrode can be used to initiate the discharge. 
For positive electrode potential, it was found that an internal discharge could be 
initiated at low voltages. As illustrated in Figure 2.8 these were often below the 
ionization potential (10.437 V for mercury) for values of temperature ranging from 
about 600°C to 1200°C. With temperature 1200°C and flow rate 2.69 seem, a 
potential of only 6 V was required to start the discharge. However, it was found 
very difficult to transfer the internal discharge to the keeper, possibly because the 
electric field in the cathode orifice due to the keeper was opposed by that due to the 
positive internal electrode. [Ref. 11]- 




Figure 2.7 Comparison of discharge behavior with different orifices [Ref. 11] 
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Figure 2.8 Internal electrode discharge initiation characteristics [Ref. 11] 
2. HOLLOW CATHODE WITHOUT HEATER 
a. CONSTRUCTION 



It is possible to design a hollow cathode without a heater. In 
Figure 2.9, interior (cathode wrapped by cylindrical keeper) and exterior (cathode 
exposed) heaterless hollow cathode are shown. 





keeper 



i 

a. Interior hollow cathode b. Exterior hollow cathode 



Figure 2.9 Heaterless hollow cathode configurations 
b. OPERATING CHARACTERISTICS 

Heaterless cathodes utilize Paschen's law without the support of 
thermal emission. Heaterless cathodes are relatively simple, robust and need much 
lower power to operate. Some of advantages are 
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(1) longer cathode life time 

(2) more robust 

(3) lower power consumption 

(4) less chance of ion beam and substrate contamination 



disadvantages are 

(1) relatively high starting potential required 

(2) hard to control contamination. 

One commercially available "interior" cathode design (Fig. 2.9) has the 
characteristics listed in Table 2.1. Operating characteristics are illustrated in 
Figure 2.10. [Ref. 12] 



Table 2.1 Specifications of Spectra - Mat cathode 



starting time 


: 10 secs 


emission current 


: 0-10 A 


gas flow requirements 


:1.0 — 5.0 seem 


life time 


: 500 -1000 hrs 


power requirements 




start 


: 270 VDC 0.5 A 


run 


: 7 — 10 VDC 1.0 A 


power supply requirement:! 15 +/ 


- 15 VAC 60 Hz 




36 VDC 1.7 A 




240 VDC 0.5 A 


anode supply 


: 50 - 100 VDC 




0.7 A 
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Figure 2.10 Voltage — current characteristic of Spectra — Mat cathode 
3. HOLLOW CATHODE LAMP 

Enclosed cathodes (without continuous gas flow) are used as light 
sources. As an example, let us consider a compact hollow cathode lamp which was 
developed for use as a high resolution wavelength standard for ultraviolet emission. 
Simply this is a small two electrode vacuum tube with relatively high gas pressure 
(the order of torr). 

a. CONSTRUCTION 

A hollow cathode lamp, as shown in Figure 2.11, is constructed 
with a bulb having a window made of UV transmitting glass. The gas within the 
bulb consists of a rare gas at several torr pressures. The cathode is constructed of a 
single element or alloy of the element to be analyzed so as to ensure a sharp 
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spectral line with a minimum of intensity spectral components. Typical cathode 
materials are Fe, Ni, Cu, Ru, Ge, Se, Pt and their alloys. 
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Figure 2.11 Construction of hollow cathode lamp [Ref. 10] 

Such lamps are commercially available. As an example, we used one which was 
available at NPS. This lamp had a platinum cathode, filled with a neon gas at a 
pressure of 11 torr. This design has a rich spectrum below 3100 A. Specifications 
are given in Table 2.2. [Ref. 9 h 10] 
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Table 2.2 Hamamatsu Pt cathode lamp specifications 



A. 


Overall Dimensions 






length 


: 19.70 cm 




diameter 


: 4.45 cm 




mass 

cathode - lens 


: 285 g (potted) 

: 71 g (not potted) 




distance 


: 8.57 cm 


B. 


Cathode 






material 


: platinum 




outside diameter 


: 0.64 cm 




inside diameter 


: 0.229 cm 




length 


: 0.8 cm 




hole depth 


: 0.41 cm 




mass 


: 4.0 g 




filler gas 


: neon at 11 torr 


C. 


Power requirements 






starting voltage 


: 300 V 




operating voltage 


: 185 V 




current 


: 10-60 mA 




operating power 


: 2 W at 10 mA 



The starting voltage of 300 V, neon gas pressure at 11 torr, and a cathode to anode 
distance of a few millimeters gives a pd s (about 5 mmHg-cm) which agrees with 
Paschen's law. Figure 2.12 and Table 2.3 show the Paschen's curve and minimum 
discharge starting potential for a number of gases and cathode materials. [Ref. 13] 
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Figure 2.12 Sparking potential as a function of pd s in several gases [Ref. 13] 

b. OPERATING PRINCIPLE AND CHARACTERISTICS 

The hollow cathode lamp is a type of glow discharge tube. The 
* 

electrode construction has been designed to increase the negative glow portion 
current density, thereby achieving a high emitted spectral intensity for use as a high 
resolution wavelength standard. [Ref. 9 & 10] 

The usual method of increasing the current density is to employ a 
hollow cathode. This results in a ten — fold or greater increase in current density 
over that achievable by using a parallel plate electrode. This increase in current 
density is accompanied by a significant increase in light intensity and a decrease in 
anode to cathode voltage drop. This is known as the hollow cathode effect. [Ref. 9] 



Table 2.3 Minimum sparking potentials [Ref. 13] 



Gas 


Cathode 


V min (V) 


(pds) m in (mmHg-cm) 


He 


Fe 


150 


2.5 


Ne 


Fe 


244 


3 


A 


Fe 


265 


1.5 
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(table continuted) 



n 2 


Fe 


275 


0.75 


0 2 


Fe 


450 


0.7 


Air 


Fe 


330 


0.57 


h 2 


Pt 


295 


1.25 


C0 2 




420 


0.5 


Hg 


YV 


425 


1.8 


Hg 


Fe 


520 


2 


Hg 


Hg 


330 




Na 


Fe 


335 


0.04 



According to Paschen's discharge law, a glow discharge occurs when a suitable 
voltage applied between the electrodes of a hollow cathode lamp. Electrons pass 
from the interior of the cathode to the inner surface of the hollow cathode and flow 
through the negative glow region towards the anode as shown in Figure 2.13. 

positive column 





Figure 2.13 Schematic of ionization process 
This causes ionization of the gas within the lamp through non — elastic collisions 
with the gas atoms. Positive gas ions collide with the cathode surface and the 
kinetic energy of ion impact causes materials to be sputtered from the cathode 
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